Octopamine is a biogenic amine in invertebrates that is considered a functional homolog of vertebrate norepinephrine, acting as a neurotransmitter, neuromodulator and neurohormone. Octopamine regulates many physiological processes such as metabolism, reproduction and different types of behaviour including learning and memory. Previous studies in insects led to the notion that acquisition of an olfactory memory depends on the octopaminergic system during appetitive (reward-based) learning, but not in the case of aversive (punishment-based) learning. Here, we provide several lines of evidence demonstrating that aversive associative olfactory learning in Drosophila is also dependent on octopamine signalling. Specifically, we used Drosophila Tbh (tyramine-b-hydroxylase) mutants, which lack octopamine and are female sterile, to determine whether octopamine plays a role in aversive learning. We show that Tbh mutant flies exhibit a significant reduction in learning compared to control lines that is independent of either genetic background or the methods used to induce aversive olfactory memory. We also show that the learning deficits observed in Tbh mutants are not due to defects in sensorimotor behaviours. Finally, to unambiguously demonstrate that octopamine synthesis plays a role in aversive olfactory learning, we performed rescue experiments using the Gal4/UAS system. We show that expression of UAS-Tbh in octopamine/tyraminergic neurons using Tdc2-Gal4 in Tbh null mutant flies fully rescued both the aversive learning defects and female sterility observed in Tbh mutants.
Introduction
Biogenic amines (catecholamines) play an important role in the regulation of behaviours and physiological processes in a wide variety of organisms acting as neurotransmitters, neuromodulators or neurohormones, which exert their effects in the central or peripheral nervous system. In vertebrates, norepinephrine is one of the catecholamines that can act as a stress hormone or as a neuromodulator mediating changes in neuronal excitability and synaptic plasticity (Marzo et al., 2009) . Norepinephrine also affects a range of behaviours including modulation of attention, arousal, motivation, reward as well as learning and memory. Octopamine in invertebrates is a functional homolog of vertebrate norepinephrine, (Roeder, 1999 (Roeder, , 2005 which is derived by hydroxylation of tyramine by means of tyramine-b-hydroxylase. Tyramine itself is generated from decarboxylation of tyrosine catalysed by tyrosine decarboxylase (Tdc). Similar to norepinephrine in vertebrates, octopamine is involved in a diverse range of behaviours. For example, octopamine has an effect on aggression in crickets (Stevenson et al., 2005) and honey bees (Robinson et al., 1999) . In Drosophila, octopamine can modulate behavioural choice in males by coordinating sensory cue information from other males and triggering an aggressive response rather than courtship (Certel et al., 2007) . Mutant flies lacking octopamine show a very low level of aggression (Hoyer et al., 2008; Zhou & Rao, 2008) . In fruit flies, octopamine is also important for ovulation (Monastirioti, 2003) , flight initiation and maintenance (Brembs et al., 2007) , as well as sleep regulation (Crocker & Sehgal, 2008) . Over the past decades, many studies have examined the role of octopamine on physiology, metabolism and behaviour in invertebrates (for review, see Roeder, 1999 Roeder, , 2005 .
Initially, its role in learning and memory was elucidated using pharmacological approaches in the honey bee (Mercer & Menzel, 1982; Hammer, 1993; Farooqui et al., 2003) . These studies, however, were mostly restricted to examining the role of octopamine in appetitive learning (proboscis extension response). More recently, additional methods to measure associative learning in honeybees have been developed that involve pairing an odour with an electric shock (Vergoz et al., 2007) . These studies suggested that octopamine was required for reward-based, appetitive learning, whereas dopamine was required for aversive learning. Since, several studies have indicated that dopamine and octopamine may play a role in both appetitive and aversive learning. For example, studies using a spatial avoidance conditioning assay (association of a spatial colour cue with electric shock) demonstrated that dopamine and octopamine can both influence learning in a non-appetitive avoidance situation (Agarwal et al., 2011) . Similar findings were also observed in the crab, suggesting that both dopamine and octopamine play a dual role in memory processing (Kaczer & Maldonado, 2009; Klappenbach et al., 2012) . It has been suggested that Drosophila associative olfactory memory formation can be distinguished by the requirement of dopamine for aversive conditioning and octopamine for appetitive conditioning (Schwaerzel et al., 2003) . Recently, the specific role of dopamine in aversive associative memory was re-examined (Kim et al., 2007; Krashes et al., 2009; Liu et al., 2012) and shown to play a role in both aversive and appetitive learning. Whether octopamine is also required for both types of learning remains controversial. Here, we show that Tbh mutants which are devoid of octopamine exhibit significant defects in aversive olfactory associative learning that can be completely rescued by selective expression of Tbh in octopamine/tyraminergic neurons.
Materials and methods

Flies stocks and culture
All stocks were raised on standard fly food, with a 12/12-h light/dark cycle, at 24 AE 1°C and 45-50% relative humidity. The Canton-S (CS) line was used as the wild-type control. The w 1118 control line (further referred to as white (w)) was previously outcrossed for 10 generations with Canton-S. Other lines including balancers, Gal4 and UAS lines were outcrossed for at least five generations with the Cantonized w 1118 line. The original Tbh deletion null mutant line (w, Tbh nM18 ) was a gift from Maria Monastirioti (Institute of Molecular Biology and Biotechnology, Crete, Greece). Due to the female sterility of the Tbh mutation, this line was maintained over an FM6-lethal balancer chromosome. We also obtained Tbh nM18 and Tbh nM6 (precise excision control) flies in a w+ background from Sarah Certel (University of Montana, USA). Both the original lines were individually crossed with Canton-S to replace the white mutation with a wild-type allele. The w+, Tbh nM18 recombinant chromosome was identified based on female sterility and maintained over the FM7 balancer (Certel et al., 2007) . UAS-Tbh (second chromosome insertion, (Monastirioti, 2003) and Tdc2-Gal4 (Cole et al., 2005) lines were generously provided by Yi Rao (Peking University, China). Rescue and rescue control lines were generated using standard Drosophila genetics. The genotypes from individual crosses were determined based on the selection markers on FM6-lethal or FM7c balancer chromosomes. 
Pavlovian olfactory conditioning
Learning and testing procedures as well as sensorimotor responses were essentially performed as described by Krashes & Waddell (2010) with some minor changes. Briefly, to induce aversive associative olfactory memory (Fig. 1A) , groups of about 75 flies were exposed for 60 s sequentially to two odours. The first odour was paired with electric shock (60V or 130V), and the second was not. For appetitive learning (Fig. 1B) , flies were food-deprived 16-20 h before training. Saturated sucrose solution was spread onto 3MM Whatman paper 12 h before the experiment and allowed to completely dry. Flies were exposed to the first odour for 2 min within a tube lined with Whatman paper without sucrose and then allowed a 30-s rest period (with fresh air) before being transferred to a tube lined with sucrose-coated Whatman paper. They were then exposed to the second odour for another 2 min. Flies were then immediately transferred to the T-maze and tested for associative learning. During the test (in both paradigms), flies were exposed to both odours simultaneously in a T-maze for 1 min. The performance index (PI) was calculated as the percentage of flies avoiding the odour paired with electric shock (or non-sucrose associated) minus the percentage of flies avoiding the unpaired odour (or sucrose-associated). The paired and unpaired odours were swapped in the two reciprocal halves of each experiment. The final PI was the average of the two reciprocal PI values. As odorants, 22.5 lL or 150 lL 3-octanol (OCT), 15 lL or 150 lL 4-methylcyclohexanol (MCH), 15 lL or 150 lL isoamyl acetate (IAA) and 15 lL or 150 lL ethyl acetate were added to the vial with 15 mL of mineral oil and vortexed. All training and testing procedures were performed in a climate-controlled room with 70-75% humidity at 25°C under dim red light. All flies were 2-5 days old.
HPLC-MS/MS analysis of biogenic amines
The concentration of octopamine was quantified essentially as described in Yarali et al. (2009) . Brains from five males and five females were dissected in cold PBS and placed in 50 lL of ice-cold 50 mM citrate acetate buffer (pH 4.5) together with 5 ng of internal standard -[D3] octopamine-HCl was obtained from C/D/N Isotopes Inc. Pointe-Claire, Quebec, Canada. Unlabelled octopamine, used for calibration purposes, was purchased as a hydrochloride salt from Sigma-Aldrich. Following addition of internal standards, tissue was homogenized on ice and then centrifuged at 20 800 g for 5 min at room temperature. 10 lL of supernatant was injected onto the HPLC column for analysis by HPLC-MS/MS. Each genotype was assayed in duplicate biological replicates each of which contained three technical repetitions. HPLC-MS/MS was performed on an Agilent 1290 HPLC system (Agilent Technologies, Santa Clara, California, USA) coupled to a Sciex API spectrometer (ABSciex, Framingham, Massachusetts, USA). Samples were loaded onto an HPLC column (50 x 3 mm, 2.6-lm particle size; Phenomexex, Torrance, CA, USA). The column was eluted at a rate of 400 lL/min with a linear mobile-phase gradient.
Statistics
Two-tailed t-tests were used to compare two groups, and one-way ANOVAs followed by a Tukey post hoc test were used to compare multiple groups. All statistics were performed using Excel and SigmaPlot software. In all cases, the data are shown as mean AE SEM.
Results
Tbh mutants are impaired in associative aversive olfactory learning independent of genetic background
Tyramine-b-hydroxylase (Tbh) is a key enzyme that is required for the production of octopamine in flies. Tbh null homozygous flies show no detectable levels of octopamine (Monastirioti et al., 1996) , and homozygous females are sterile due to a defect in ovulation (Monastirioti, 2003) . Therefore, we started by examining the level of octopamine in mutant and controls to confirm the genotypic identity. Indeed, the Tbh null mutants in both genetic backgrounds (w, Tbh nM18 and w+, Tbh nM18 ) display a complete loss of octopamine, while precise excision Tbh nM6 , CS and w flies show 91.6 AE 3.8, 84.4 AE 8.7 and 77.2 AE 4.6 pg/brain, respectively, and do not differ from each other P = 0.27. The concentration of other biogenic amines (except the elevated level of tyramine) was undistinguished from the control (Table S1 and Fig. S1 ), as reported in other studies (Monastirioti et al., 1996; Hardie & Hirsh, 2006; Zhou & Rao, 2008) .
We next examined associative aversive learning in Tbh mutants. As mentioned above, Tbh nM18 null mutant females are sterile; therefore, the mutation is maintained in a heterozygous state over a balanced chromosome. The w, Tbh nM18 stock is therefore comprised of flies of three distinct genotypes: homozygous females (Tbh nM18 / Tbh nM18 ), hemizygous males (Tbh nM18 /Y) and heterozygous females (Tbh nM18 /FM6l). Similarly, the w+, Tbh nM18 stock contains five distinct genotypes: homozygous null females and hemizygous null males (Tbh nM18 /Tbh nM18 and Tbh nM18 /Y respectively), heterozygous females (Tbh nM18 /FM7), homozygous FM7 females (FM7/FM7) and FM7 males (FM7/Y). To avoid anaesthetizing flies before the behavioural analysis, we first tested aversive learning in mixed populations and sorted and counted flies under CO 2 anaesthesia after the experiment. Under these conditions, we observed a very high variability in the performance indices of Tbh nM18 homozygous mutant and heterozygous controls from one replicate to another as compared to the control lines ( Fig. 2A) ). Due to the paucity of FM7 males and females (< 1%), results from these genotypes were excluded from further analysis. There are a couple of possible sources for such variation. The first, and perhaps most obvious, is the non-uniform number of flies of each genotype in a given training session. This arises, at least in part, due to heterogeneity between genotypes in developmental time. For example, homozygous Tbh mutant flies were delayed by approximately 2-3 days, in the time they take to develop from egg-adult as compared to heterozygotes. Another source of variation may be related to the behavioural interaction between individual flies in a mixed genotype population that may resemble a stampede effect (see for example Quinn et al., 1974) . To reduce intertrial variability, we repeated the experiments using flies where the genotypes were pre-sorted before training. Flies were collected 2 days before the experiment, aspirated out in small aliquots (about 50 flies) and sorted by genotype under light CO 2 anaesthesia. Notably, we observed no statistically significant effects of pre-sorting (CO 2 anaesthesia) on learning (ANOVA: F 1,175 = 0.80; P = 0.37). Further, the pre-sorting effectively reduced the variation within a given genotype ( Fig. 2A) (coefficient of variation: for CS background: CS = 8.6%; w+, Tbh nM6 = 9.5%; w+, Tbh nM18 = 14.7%; w+, Tbh nM18 /FM7 = 6.6%; for w background: w = 6.4%; w, Tbh nM18 = 16.7 and w, Tbh nM18 /FM6l = 14.9%). Finally, under these conditions, heterozygous controls were significantly different from null mutants (Fig. 2B) . Therefore, for all following experiments, flies were genetically pre-sorted. We found that Tbh nM18 null mutants in both backgrounds showed a significant impairment in performance compared to the control lines (Fig. 2B) . Importantly, the defects we observe in aversive olfactory learning deficit in Tbh null mutant flies are not due to reduced sensorimotor performance as Tbh mutants showed normal task-relevant sensorimotor abilities and taste perception (Table 1) .
Tbh mutants exhibit aversive olfactory learning deficits independent of the method of training
To determine whether the learning deficits observed in Tbh nM18 null mutants were specific for a certain type of aversive olfactory Food-deprived flies were exposed to the first odour (conditioned stimulus) and then exposed to the second odour together with a saturated sucrose solution (unconditioned stimulus). During the test (in both paradigms), flies were exposed to both odours simultaneously in a T-maze for 1 min. All genotypes show similar avoidance of the odours and electric shock, as well as similar preference for 1M sucrose. For sucrose preference tests, the N for all genotypes was eight, for electric shock avoidance tests N = 6 for all genotypes. N for avoidance of 1% EA and 1% IAA was eight for all genotypes, for 0.1% EA and 0.1% IAA was 10, 12 and 9 for w, heterozygous w, Tbh nM18 /FM6l and homozygous w, Tbh nM18 , respectively. N for avoidance of 0.1% OCT and 0.1% MCH was six for all genotypes. training protocol (type and concentration of odorants, number of shock pulses and voltage) or whether these represent more generalized defects, we also examined Tbh mutants using other protocols to induce aversive olfactory memory. Training protocols that incorporate fewer shocks and shorter presentations of the conditioned (Cond. S) and unconditioned stimuli (Uncond. S) provide a way to dissect the rate of memory formation and offer the best resolution to find maximal differences between mutants and controls (Beck et al., 2000; Pavlopoulos et al., 2008; Moressis et al., 2009 ). As such, we examined aversive learning using a short training programme. In the typical protocol, flies are exposed to one odour (Cond. S +) for 1 min coincident with 12 electric shocks (Uncond. S) followed by 30 s of clean air. Flies are then exposed to a second odour (Cond. SÀ) for 1 min without electric shock. In short training programmes, the duration of Cond. S+ and Cond. SÀ is decreased proportionally to a decrease in the number of shocks so that instead of delivering 12 shocks during 1 min, six shocks are delivered in 30 s or 4 shocks in 20 s. Interestingly, 12 and 6 Cond. S/Uncond. S pairings produced an approximately twofold difference between the learning indices of controls and Tbh mutants, whereas 4 Cond. S/Uncond. S pairings resulted in about a fourfold difference (Fig. 3A) . Remarkably, when we used the same conditions described by Schwaerzel et al. (2003) whereby ethyl acetate (EA) and isoamyl acetate (IAA) are used as the conditioned stimuli and 130V electric shock as the unconditioned stimulus, the Tbh mutants continued to exhibit a robust learning deficit similar to that seen in previous experiments (Fig 3B) . Thus, these experiments provide additional evidence to support our conclusion that octopamine plays an important role in olfactory avoidance learning regardless of the odorants or the training protocol used.
Tbh mutants lack octopamine and exhibit impairments in appetitive olfactory learning
Previous studies have shown that octopamine plays an important role in appetitive olfactory learning. In flies, appetitive memory forms in starved animals after paired presentation of odour (Cond. S) and sugar presentation (Uncond. S). We examined appetitive olfactory learning in controls and Tbh mutants using OCT and MCH as odours. We found that Tbh nM18 null mutants in either a wor a w+ genetic background displayed a significant impairment in performance compared to the control lines (Fig. 4A) . Notably, we observed a significant effect of genetic background in this assay. Flies in the Cantonized white genetic background perform significantly poorer compared to the CS white+ background (ANOVA for control lines: F 1,48 = 18.64; P = 0.0008. ANOVA for Tbh nM18 null mutants: F 1,18 = 6.58; P = 0.019 Fig. 4A ). However, when we used different odours, ethyl acetate (EA) and isoamyl acetate (IAA) as conditional stimuli, the performance indices for flies in the white genetic background became comparable to those in a CS white+ background (Fig. 4B) .
Neural Tbh expression rescued both the aversive learning defects and female sterility in Tbh null mutants Several studies have highlighted that the sterility phenotype (Monastirioti et al., 1996) and some Drosophila octopamine-dependent behaviours (Saraswati et al., 2004; Crocker & Sehgal, 2008) including associative olfactory learning (Schwaerzel et al., 2003) can be rescued by simple feeding of octopamine. We also examined whether feeding of octopamine could rescue the aversive olfactory learning deficit observed in Tbh mutants. Control and mutant flies were transferred to food containing 10 mg/mL octopamine 24 h prior to experiments. This feeding protocol fully rescued female sterility in w, Tbh nM18 flies, suggesting that exogenous octopamine was ingested and remained in the active form. However, octopamine feeding had no effect on learning in either Tbh mutants or controls (Fig. 5A) .
We next wanted to examine the effect of RNAi-mediated knockdown of Tbh on the aversive olfactory learning. As a first step, we used several available UAS-Tbh-RNAi lines (Table S2) to determine whether knock-down could reproduce the sterility phenotype that is characteristic for Tbh null mutant females. Each of these lines was crossed with the ubiquitously expressed actin5C, alphaTub84B and daughterless Gal4 drivers. We also crossed these RNAi lines with Tbh-Gal4 lines from the Janelia Farm collection (ten different lines), where expression of Gal4 is driven by a defined DNA fragment that contains one or more putative Tbh enhancers, as well as with two Tbh-Gal4 lines from Kyoto Stock Center, where the P{GawB}ele-ment was inserted in the 5 0 regulatory region of Tbh gene (Table S2) . From each cross, we collected virgin females (Gal4/ UAS-RNAi), crossed them with CS males and examined their fecundity. Unfortunately, we did not observe any sterile females or even a noticeable reduction in fecundity, even when experiments were repeated at 29°C to increase transgene expression (data not shown). In Drosophila, octopamine is synthesized in two steps: tyrosine to tyramine catalysed by tyrosine decarboxylase (Tdc), and tyramine to octopamine mediated by tyramine b-hydroxylase (Tbh). In Drosophila, two Tdc genes were cloned, dTdc1 and dTdc2. dTdc1 is expressed non-neurally, whereas dTdc2 is predominately expressed in the brain (Zhou & Rao, 2008; Busch et al., 2009; Sitaraman et al., 2010; Burke et al., 2012) and has previously been used to rescue octopamine-dependent behaviours. Also, flies with a mutation in dTdc2 exhibit a female sterile phenotype (Cole et al., 2005) . However, despite previous studies showing that Tdc2-Gal4 driven expression of UAS-Tbh-RNAi significantly reduced egg-laying phenotype (Castellanos et al., 2013) , we did not observe any sterile females or fecundity reduction when we used this Tdc2-Gal4 driver (data not shown). The only difference between our and Castellanos's experiments was that they used Tdc2-Gal4 driver together with UAS-dicer-2 construct that enhances the effectiveness of RNA interference. Indeed, when we used their (w, UAS-dicer-2; Tdc2-Gal4) line to drive expression of UAS-Tbh-RNAi, we observed a highly significant reduction of fecundity (data not shown). We then used this UAS-dicer-2; Tdc2-Gal4 line to silence Tbh expression in octopamine/tyraminergic neurons and determine the effect of Tbh knock-down on aversive olfactory learning. While we found a significant reduction in the learning index for one of the RNAi lines compared to the Cantonized w 1118 control line, the result of this experiment, unfortunately, was rather inconclusive (Fig. S2) . Specifically, the other RNAi line did not differ from w 1118 control in aversive olfactory learning and both these RNAi lines did not differ from another control -w, UAS-dicer-2; Tdc2-Gal4, although the Tbh nM18 null mutant line showed a significant learning deficit. Failure to induce the learning deficit in the Tbh-RNAi flies could be due to insufficient knock-down of Tbh or due to the existence of unknown factors affecting RNAi. Further experiments are necessary to address this issue.
To examine the ability of wild-type Tbh to rescue the aversive olfactory learning deficits observed in Tbh null mutants, we expressed UAS-Tbh using Tdc2-Gal4. Expression of Tbh in octopamine/tyraminergic neurons fully rescued both the aversive olfactory learning defects (Fig. 5B) and female sterility associated with Tbh null mutant flies. Altogether, these data demonstrate that in addition to its well-characterized role in appetitive olfactory learning, octopamine plays an essential role in aversive associative olfactory learning in Drosophila.
Discussion
A pharmacological approach was used in Drosophila, to examine the role of octopamine in associative learning. Early findings indicated that upon feeding, farmamidines interact with octopamine receptors and impair olfactory learning (Dudai et al., 1987) . Specifically, when flies were trained to associate an odour with an electric shock using a classical conditioning olfactory avoidance paradigm, their immediate learning performance was reduced without affecting their ability to recognize the odours and electric shock.
Since, a new avenue of research into the role of octopamine was provided by the identification of the gene coding Tbh enzyme and the generation of octopamine-deficient mutant flies (Monastirioti et al., 1996) . Using these mutants, Schwaerzel et al. (2003) performed experiments that support the hypothesis that acquisition of an olfactory memory depends on the octopaminergic system during appetitive (reward-based) learning, but not in the case of aversive (punishmentbased). Specifically, they showed that the performance indices of Tbh null mutants were not different from that of controls in the electric shock olfactory learning assay, while in appetitive learning, these mutant flies were severely impaired. The role of octopamine in appetitive memory in adult flies has been confirmed in several other studies, using either Tbh mutants (Sitaraman et al., 2010; Yarali & Gerber, 2010; Burke et al., 2012) or octopamine mushroom body-specific (OAMB) receptor mutants (Kim et al., 2013) . Intact aversive olfactory memory in Tbh mutants was also confirmed, (Yarali & Gerber, 2010 ) using a modified training protocol and the same Tbh mutant stock and control as Schwaerzel and co-workers. Recently, the role of octopamine has been established in another type of associative learning -courtship conditioning (Zhou et al., 2012) . It has been shown that Tbh mutant males exhibit impairments in courtship conditioning by mediating the aversive input to downstream mushroom body neurons expressing OAMB. This defect could be rescued by Tbh expression in the CNS. An inactivation of octopaminergic and OAMB expressing neurons mimicked the mutant phenotype.
Comparing our results with those previously published by Schwaerzel et al. (2003) and Yarali & Gerber (2010) , we find that the main difference is with respect to the performance index of controls. In both these studies, the original w, Tbh mutant line was crossed to a w+ line to replace the mutant w with wild-type w+ . The w+, Tbh recombinants were then compared to a w+ non-recombinant line generated in the same set of crosses. In the present study, we used w+, Tbh nM18 flies which were generated in a similar manner by Sarah Certel (Certel et al., 2007) . As controls for this line, we used the Tbh nM6 precise excision also converted onto a w+ background (w+, Tbh nM6 ) in addition to w+, Tbh nM18 /FM7 heterozygotes and wild-type CS flies. We additionally examined Tbh mutants in the original w background, using Cantonized w flies and heterozygous (w, Tbh nM18 /FM6l) female as controls. The expected performance indices of control flies in olfactory avoidance tests usually range between 60 and 90 (Krashes & Waddell, 2010) , while a performance index around 50 would be characteristic for a learning mutants. In the present study, both our w+ and w genetic background controls showed PIs of around 80, compared with values of 50 in Schwaerzel et al. (2003) and Yarali & Gerber (2010) studies. It is possible that the training protocol, experimental conditions and training device used in these former studies can only produce a maximum learning index for controls of around 50. However, under the same conditions, other control lines in Yarali & Gerber (2010) , (Fig. 4 for instance) were able to produce indices as high as 75 or higher. As such, the relatively poor performance of the controls used in these former studies may reflect a learning deficit in the genetic background line that made it undistinguished from the mutants. At the same time, our results showed similar performances for Tbh nM18 null mutants (around 40) to those previously published.
As for appetitive olfactory learning, our results are consistent with the previously reported defect in Tbh nM18 null mutants, except some discrepancies in the level of learning. In most published results, Tbh nM18 mutants demonstrated a complete loss of appetitive learning (Sitaraman et al., 2010; Yarali & Gerber, 2010; Burke et al., 2012) . In the present study however, Tbh nM18 mutants were able to learn, albeit at a significantly lower level than controls. Interestingly, some level of residual learning in Tbh nM18 mutants was also in the studies of Yarali & Gerber (2010) . Using different combinations of odours, they found even fully intact reward learning in the Tbh null mutants. In our studies, a relatively high residual learning in mutant flies may to some extent be explained as a result of a slight modification in our appetitive training protocol. After the flies were exposed to sucrose paired with the second of the two odours, they were immediately (without a 30-s rest period 'fresh air') transferred to the T-maze for testing. This modification may prevent flies from making an association between sucrose and fresh air during the rest period. We observed higher performances in control animals using this modified training/testing protocol, compared to previously published protocols, although the exact reasons of this discrepancy remain obscure.
To unambiguously demonstrate that octopamine synthesis plays a role in the aversive olfactory learning, we performed rescue experiments. Although we were unable to rescue the defects in aversive olfactory learning observed in Tbh mutants by feeding octopamine, neuronal expression using the Tdc2-Gal4 driver to drive expression of a wild-type Tbh transgene fully rescued the learning defects. These studies clearly demonstrate that octopamine is not only required for appetitive learning in Drosophila but, contrary to previous studies, also plays an important role in aversive olfactory associative learning. Thus, the statement that octopamine is involved only in appetitive learning should probably be reconsidered.
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